Introduction
Overweight and extreme overweight (obesity) during childhood is likely to persist through adulthood, and is associated with a wide range of physical and psychological problems [1] [2] [3] . Impairment of cognitive ability is a one of the psychological consequences that could have a substantial impact on the future of overweight children, since declined cognitive ability may lead to worsened school performance, which in turn could contribute to the lower socio-economic status observed when overweight children reach adulthood [4] . There are different mechanisms put forward in the literature that might explain the association between overweight and cognitive ability. First, there might be physiological changes in brain tissue due to overweight, which impair cognitive ability [5, 6] . Second, lower levels of cognitive ability might cause poor control over neurological centres associated with impulsivity or addiction which in turn could lead to impaired control over food intake [7] [8] [9] [10] . Third, different physical consequences of being overweight such as diabetes type II and sleep apnoea might cause lower levels of cognitive ability among children [11] [12] [13] . Finally, there are some indications for genetic and environmental factors that might play a role in this association.
Previous research concerning the association between overweight and cognitive ability mainly focussed on adolescents [14] [15] [16] [17] [18] [19] . Although nowadays overweight is already highly prevalent at a young age [20, 21] , studies examining the association between overweight and cognitive ability among young children in primary school are limited [10, 15, [22] [23] [24] [25] [26] . The majority of these studies reported lower levels of cognitive ability among overweight children. However, in most cases the results are based on cross-sectional data [10, 15, 22, 24, 25] . More importantly, while almost all of these studies hypothesise on the importance of potential confounding fac-BMI and Cognitive Ability of Children 265 tors, such as maternal education or intelligence and the child's birth weight and physical fitness, only 1 cross-sectional [10] and 1 longitudinal study [26] actually adjusted their analyses for a considerable number of these factors. Therefore, the current study aimed to prospectively investigate the association between body mass index (BMI) and cognitive ability of young children in primary school, adjusted for relevant confounding factors.
Participants and Methods

Study Design and Participants
Respondents were recruited from a Dutch birth cohort study of 750 children born between December 1990 and January 1994 [27] , originally designed to investigate the relation between essential fatty acid status at birth and physical, cognitive, visual, and motor function at a later age. Data were collected when pregnant women enrolled (at less than 16 weeks gestation), during their pregnancy (at around 22 and 32 weeks of gestation), when the children were born, and then yearly until the children were approximately 4 years of age. At the age of 7, children and their parents were invited to the paediatric outpatient clinic of the Maastricht University Hospital for follow-up measurements. For different reasons (deceased, emigrated, untraceable), 691 of the 750 families received this invitation. Of all invited families, 327 participated in the follow-up wave. During the study, 21 families dropped out. Since children with missing values of their BMI at 7 years of age were excluded, the current study population consisted of 297 children. This study was conducted according to the Declaration of Helsinki, and all procedures involving human subjects/patients were approved by the Ethics Committee of the University Hospital Maastricht. Written informed consent was obtained from all parents.
Measurements of Cognitive Ability
The Kaufman Assessment Battery for Children (K-ABC) was used to assess cognitive ability at 7 years of age [28, 29] . This battery is a standardized measure which consists of 2 scales, the Sequential Processing Scale and the Simultaneous Processing Scale, each measuring a different type of information processing. Together, these scales form the Mental Processing Composite which reflects a total score for cognitive ability [29] and is the main outcome of this study. Raw scores were standardized with a mean score of 100 and a standard deviation (SD) of 15. Scores were standardized by means of the United States' norms, as no Dutch standardization norm for the K-ABC was available.
Assessment of Anthropometric Data
Data on weight and height of children at 4 years of age were collected from official growth records of the health centres. At 7 years of age, children were weighed and measured by a physician in the hospital of Maastricht. Weight was assessed to the nearest 100 g using a SECA electronic digital scale, while the children only wore light underwear [30] . Children's height was measured to the nearest millimetre using a wall mounted stadiometer (Holtain LTD, Crymych, UK) [30] . All anthropometric data of the children were measured while the children only wore light underwear. BMI was calculated and overweight was defined using gender-and age-specific cut-off points [31] .
Covariates
This study included different sets of covariates that are divided over 3 concepts; children's physical factors, pregnancy-related factors, and socio-economic-related factors. First, among the children's physical factors were birth weight [32, 33] , gender, and physical fitness of the children [34, 35] . Data on birth weight and gender were collected from medical records of the local hospitals where the children were born. Physical fitness data were collected during follow-up using a motor-driven treadmill test. Total workload (KJ) [16] was selected as a measure of VO 2 max, which provides a reliable estimate of the child's physical fitness [30, 36] . Second, pre-pregnancy BMI [37] , smoking and drinking habits during pregnancy [38] [39] [40] , being born prematurely [41] , maternal age at birth [42] , and breast feeding duration [43, 44] were considered among the pregnancy-related factors. Data concerning pre-pregnancy weight and height, smoking and drinking habits during pregnancy, pregnancy duration, and maternal age at child birth were collected from hospital charts when the mothers enrolled in the study, during their pregnancy, and after delivery. Children were considered to be born prematurely if the child was born after less than 259 days. Breastfeeding duration and maternal education (at the time of birth) were reported by the mothers at followup measurements when their child was 7 years of age. Finally, to measure socio-economic factors, maternal education, maternal intelligence, and family income were included [33, 45] . Maternal education was classified into 3 categories: high, intermediate, and low [46] . The Raven's Standard Progressive Matrices were used to test maternal intelligence during follow-up [47] . The mother could score a maximum of 60 points. Household income was estimated based on the postal code of the parents during pregnancy (Geomarktprofiel; Wegener DM, Nieuwegein, The Netherlands) and was divided into 3 categories: high (> modal), intermediate (modal), and low (< modal).
Statistical Analyses
Data were analysed using SAS version 9.1 (SAS Institute, Cary, NC). The association between BMI at 4 years of age and cognitive ability at the age of 7 as well as the association between BMI at 7 years of age and cognitive ability at the age of 7 was analysed using univariate and multivariate linear regression analyses. Variables that were associated with cognitive ability were included as covariates in the multivariate analyses (i.e., physical fitness of the child, maternal education, maternal intelligence, maternal pre-pregnancy BMI, maternal smoking during pregnancy, maternal age at child birth, birth weight, breastfeeding duration, and premature birth). Moreover, it was determined which covariates were significantly associated with both cognitive ability and BMI. These factors were considered as confounders of the investigated associations. Physical fitness of the child and birth weight confounded the association between BMI at 4 years of age and cognitive ability at the age of 7, while physical fitness of the child, maternal education, maternal pre-pregnancy BMI, maternal smoking during pregnancy, and birth weight confounded the analyses on the association between BMI at 7 years of age and cognitive ability at the age of 7.
Moreover, since children were only approximately 4 and 7 years of age when BMI was measured and the interpretation of BMI during childhood is highly age-specific, z-scores of BMI at 4 and 7 years of age were calculated by means of reference growth curves of the Dutch Fourth Nationwide Growth Study [48] . All regression analyses were also performed using the BMI z-scores. Results were considered significant when p < 0.05.
Results
The mean age of children at follow-up was 7.3 years, and 44.8% were female. The mean BMI at 4 years of age was 15.6 kg/m 2 , and 7.6% of the children were overweight. During follow-up, the mean BMI remained 15.6 kg/m with previous performed cross-sectional studies [10, 15, 25] , 2 longitudinal studies did find a significant association between elevated BMI (overweight) and cognition in children [23, 26] . This discrepancy might be caused by the fact that these authors did not adjust their analyses for important confounding factors like children's physical fitness and maternal intelligence. In addition, Li [24] reported that severe obesity was associated with declined intelligence quotient (IQ) in children. As the association between BMI and cognitive outcomes might only be apparent at the extreme end of the BMI distribution, it is highly likely to find an association when comparing severely obese children to a normal-weight control population. This may also explain the absence of an association within our study and previous performed studies [10, 15, 25] . The results of our prospective analyses indicated that the time lag between becoming overweight and developing declined cognitive ability is larger than 3 years. Together, the current results imply that the proposed mechanisms explaining a possible association between overweight and cognitive Mental Processing Composite, was 107.2, which lies within 1 standard deviation (SD) of the reference mean. Table 1 shows further descriptive statistics of the study population.
Although the results suggest that cognitive ability at 7 years of age decreased with increasing BMI at 4 years and 7 years of age, this association was not significant in any performed analysis (tables 2 and 3). Univariate analyses indicated that a large range of covariates were associated with cognitive ability, whereas multivariate analyses showed that only a higher maternal intelligence resulted in higher scores on all outcomes of cognitive ability (tables 2 and 3). Using the BMI z-scores (results not shown) and adjusting for the confounding factors did not change these findings.
Discussion
This study found no significant association between BMI and cognitive ability of young children. Although this is in line as the sole measure of cognitive ability. The different subscales of this measure are difficult to interpret which lowers the validity of both subscales [54, 55] . However, since the total score for cognitive ability (Mental Processing Composite) was the main outcome of this study, the interpretation of the subscales might be less important. Still, future research should use the K-ABC II when measuring cognition as this test clarified the subscales in greater detail [55] . Finally, US reference data were used to calculate standardized scores of the different scales of the K-ABC. Although these scores were validated within a representative study population of the USA and could therefore cause slight mis-categorization of some children in the current study, we do not think this influenced the study outcomes. A Dutch validation study of these standardization norms showed significant associations between K-ABC scores and maternal education, maternal intelligence, and birth weight, which are all known to relate to children's cognitive ability [28] .
Conclusion and Implications for Future Research
This study showed no evidence for an association between BMI and cognitive ability in young children. Although no effect of BMI on cognitive ability was found, a high BMI could affect school performance in young children through increased school absenteeism and psychological factors such as bullying. Future studies need to reveal whether children with a high BMI fall short in school due to other factors than their cognitive ability.
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ability are not applicable to young children. This might be due to the time needed for these alterations to take form; after becoming overweight it probably takes several years before serious physiological changes in the brain tissue develop. On the other hand, the small number of obese children in this study population may have contributed to this conclusion. Future longitudinal research with a wide time span is needed to investigate how much time it takes before overweight starts to influence cognitive ability.
Strengths and Limitations
The prospective design of this study is a major strength since this eliminates potential recall bias of the included variables. In contrast to other studies, the current study was able to investigate the association using both cross-sectional and prospective data, and included a large range of possible confounders such as maternal education, intelligence, and physical fitness [15, 24, 25] . Moreover, since children's weight and height were measured by a physician, the BMI estimates were less susceptible for underestimation and thereby more accurate compared to self-reported measures of weight and height [49] [50] [51] . Subsequently, additional analyses were performed to confirm the accuracy of the current study outcomes. Within these analyses, underweight children were excluded to eliminate the effect of a possible association between underweight and cognitive ability. This did not change current study outcomes (results not shown). Some limitations must be noted. The sample size was small, resulting in a small number of obese children. As stated above, this might explain the absence of the association within the current study. However, despite the small sample size other covariates did show significant effects as expected [52, 53] , which makes current findings concerning the lack of an association between BMI and cognitive ability plausible. Furthermore, a high number of children (n = 444) were lost to follow-up. However, previous research on this cohort states that there is no significant difference between the initial and follow-up cohort with respect to demographic, anthropometric, and maternal variables [28] . This study used the K-ABC
